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Abstract 
Limited water supplies in proposed concentrated solar power (CSP) plant locations have instigated the need for air-cooling of the 
condensers in the Rankine cycle. The current industry standard for air-cooling in power plants is the A-frame air-cooled 
condenser (ACC), the installation of which has increased exponentially in the last 15 years. This has occurred despite the fact 
they suffer from significant inefficiencies and weather effects. This paper introduces a modular air-cooled condenser (MACC) 
design which seeks to minimise these inefficiencies. A thermodynamic analysis is carried-out to determine the outcome of 
installing this MACC design in a CSP plant. Firstly, a series of measurements performed on a full-scale prototype MACC under 
vacuum conditions representative of an operational ACC are presented. Condenser temperature and pressure were measured as 
fan speed was varied, for a range of steam flow rates, to determine the qualitative and quantitative relationship between fan 
rotational speed and condenser steam-side conditions. Results show that for a fixed steam flow rate and constant ambient 
temperature, condenser temperature and pressure decrease as fan speed increases. The relationships, developed from the 
measurements, between fan speed and condenser temperature-pressure were then used to evaluate the gross output from a 50 
MW steam turbine and, ultimately, evaluate the net plant output. Results show that increasing fan speed leads to an increase in 
plant output up until a certain point, at which further increases in output are offset by larger fan power consumption rates. Thus, 
an optimum operating point exists. The effects of ambient temperature were also examined and were seen to have a significant 
impact on firstly, steam-side conditions and consequently, plant output. Increases in ambient reduce plant output. However, by 
varying the fan speed to achieve the optimum operating point for any given ambient, the losses can be minimised.  
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1. Introduction 
The burning of fossil-fuels such as coal and oil for power generation began with the Industrial Revolution in the 
19th Century and has continued ever since. It intensified throughout the 20th Century and, as a direct consequence, 
CO2 levels have dramatically increased. The cumulative effect of increased CO2 levels is manifested in the extreme 
and unpredictable weather conditions experienced in recent times. Allied to the fact that current fossil-fuel 
consumption rates are unsustainable, this has prompted people to look for alternatives energy solutions, thereby 
ushering in the concept of renewable energy. 
Renewable energy encompasses a diverse range of technologies such as tidal systems, wind turbines, 
photovoltaics, concentrated solar power (CSP) and many others. Of these, it is projected that CSP can provide a real, 
tangible alternative to fossil-fuel power. The Earth receives more solar energy in one hour than the combined 
worldwide consumption of energy by human activities in an entire year. Just under 3,000,000 TWh of solar radiation 
falls on the Earth’s deserts during a single year. This compares with present worldwide electricity consumption of 
approximately 18,000 TWh/y [1]. In a European context, 630,000 TWh/y of solar radiation falls on Mediterranean 
deserts alone. Europe consumes just 4,000 TWh/y, a mere 0.6% of its available solar energy.  A recent study by the 
International Energy Agency’s SolarPACES group in conjunction with the European Solar Thermal Electricity 
Association and Greenpeace International suggested that CSP could provide 25% of the world's electricity by 2050 
[2]. These figures provide genuine cause for optimism within the renewable energy sector. However, to realise the 
undoubted potential of CSP, there are issues that must first be addressed and overcome. 
Critical to the success of CSP is ensuring that the technology is cost-competitive with fossil-fuel power. One 
method of achieving this is ensuring that the steam turbine output in the CSP plant is maximised at all times - thus 
maintaining maximum net plant output. An issue, highlighted by the European Strategic Energy Technology (SET) 
Plan, which could impede this ability to maximise turbine output is the way in which the condensers are cooled in 
the plant. As the projected CSP locations are largely desert regions, the use of water as a cooling medium is not 
feasible. In the absence of water-cooling, air-cooled condensers (ACCs) are proposed. This is despite the fact that 
they have been shown to suffer from significant inefficiencies such as wind effects [3], flow maldistribution [4], and 
non-uniform temperature profiles [5]. More worryingly, however, is the limited ability of current ACC designs to 
respond to variations in ambient temperature. According to the SET plan, a 25% loss in power output can occur in 
CSP plants on warm days [6]. 
Current ACCs use large diameter fans, typically in excess of 9m. These fans have a very limited range of 
rotational speeds, normally just a low speed setting and a high speed setting. There is little in the way of sensor 
feedback and control to alter the fan rotational speed according to the incoming ambient air temperature, steam flow 
rate, etc. This lack of control can have a detrimental effect on steam turbine output. As the exit condition of a turbine 
is governed by the condenser, any deviation from optimal condenser conditions results in a deviation from the 
optimal turbine operating point. For example, on a warm day if the ambient temperature increases from the nominal, 
the condenser temperature will also increase. This will lead to a corresponding increase in condenser pressure and 
hence, the back-pressure at the turbine exit will increase. As a result, there will be a smaller enthalpy drop through 
the turbine, with less work being extracted from the steam. The net effect of this is less plant output. A study by 
Chuang and Chern-Sue [7] on an ACC installed in a combined cycle power plant showed that for each 1°C increase 
in condenser temperature, a reduction in power output of approx. 0.3% occurred. A typical CSP site in Southern 
Europe can expect an annual ambient temperature variation of between 10°C - 45°C. Such large temperature 
variations for a CSP plant operating with current ACCs installed would lead to excessive losses, resulting in 
increased cost of electricity for prospective customers. In an attempt to alleviate this issue a novel Modular Air-
Cooled Condenser (MACC), presented in this paper, is proposed. 
The proposed MACC design essentially consists of a compact heat sink coupled with an axial fan array, 
considered as an integrated solution rather than individual components. The heat sink is comprised of four rows of 
helically-finned, circular tubes in a staggered arrangement. One of the key features of the MACC design is the 
relatively small diameter fans of 1m which provide the air flow. Due to their compact size, it is much easier to 
instantaneously alter the rotational speed of the fans. This ability to continually vary fan rotational speed is an 
important feature as varying the fan speed in an ACC results in a variation of condenser temperature-pressure. 
Increasing fan speed reduces condenser temperature-pressure and vice-versa. In the MACC design, the fan speed is 
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continuously variable in an effort to maintain optimum condenser conditions irrespective of ambient temperature. 
One of the main aims of the work presented here is to establish the qualitative and quantitative relationship between 
fan rotational speed and condenser temperature-pressure. These characteristics provide valuable insight into how the 
condenser will perform in operation. Measurements were carried out on a full-scale prototype MACC under vacuum 
conditions that were deemed to be representative of an operational CSP plant. Further details regarding the test 
facility are given in the experimental section. However, quantifying the steam-side characteristics alone is not an 
adequate reflection of condenser performance. The steam-side characteristics simply provide information regarding 
the condenser as an isolated component in a Rankine cycle. A more explicit means of quantifying MACC 
performance is to express the resulting plant output as a function of the measured temperature and pressure. 
Therefore, in addition to experimental measurements, this paper presents a thermodynamic analysis of a hypothetical 
CSP plant with the MACC installed. 
 The sole purpose of the thermodynamic analysis presented in this paper is to determine the effect of the 
measured condenser steam-side conditions on plant output. These steam-side conditions dictate the exit conditions of 
the steam turbine and as such, this paper simply focuses on the relationship between the steam turbine and 
condenser. Therefore, all other CSP Rankine cycle parameters such as direct normal irradiance (DNI) and solar field 
thermal energy which influence turbine inlet conditions are assumed constant for the turbine characteristics given in 
figure 1. The measured steam-side characteristics were used to determine firstly, the gross output from the steam 
turbine, the characteristics of which are shown in figure 1, and ultimately, the net plant output. A more thorough 
explanation of the modelling methodology is provided in the theory section. 
As the MACC measurements were carried out on-site in Ireland, the ambient temperature during testing was 
much lower than the expected mean temperature in prospective CSP sites. Therefore, it was necessary to carry-out a 
thermodynamic analysis (based on the measurements) for a range of representative ambient temperatures. The 
MACC measurements were initially recorded for a fixed ambient temperature, which did not vary significantly for 
the duration of testing. To evaluate the variation of condenser temperature-pressure with fan speed at different 
ambient conditions, the initial results were extrapolated to a range of suitable ambient values. These extrapolated 
results were then used to determine the ST output, from which the net plant output was subsequently calculated.  
Nomenclature                                                                               
hfg          enthalpy of vaporization (kJ/kg)                                      
ṁ           steam mass flow rate (kg/s)                                                        
N  fan rotational speed (min-1)                                              
NModules   number of MACC modules 
P fan power (W) 
PGross        gross turbine output (W) 
PNet         net plant output (W) 
Q            heat rejected (W) 
Rth          overall thermal resistance (°C/W) 
Ts           steam saturation temperature (°C) 
T∞          ambient air temperature (°C) 
Acronyms 
ACC       air-cooled condenser 
CSP        concentrated solar power 
MACC   modular air-cooled condenser 
2. Theory – thermodynamic power-plant analysis 
In order to carry-out a credible and realistic power-plant analysis, it was of critical importance to acquire the 
characteristics of a steam turbine that would be representative of that expected in a CSP plant. A 50 MW turbine was 
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deemed to be appropriate, the characteristics of which were provided by the Electricity Authority of Cyprus [8] and 
are presented in figure 1. It is emphasised that these characteristics are for a turbine in a hypothetical CSP plant 
operating under typical conditions of solar radiation, etc. The plot relates the ST power output and condenser heat 
rejection to the condenser pressure. It is clear that as the condenser pressure increases, the ST output decreases, 
whilst the heat to be rejected by the condenser increases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.1. Modelling methodology 
A curve-fit was applied to the ST output curve in figure 1, providing an expression for the relationship between 
condenser pressure and ST gross output. This polynomial relationship was subsequently implemented in a 
MATLAB code and thus, for any pressure measurement, the gross output could be determined. Once the gross 
output was established from the measurements, it was necessary to account for fan power consumption. This was 
calculated from the fan manufacturer’s performance data and the fan laws of dimensional similarity; 
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This simplifies to an expression for fan power consumption varying with the cube of rotational speed; 
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The power consumed by all the fans in a CSP plant was given by; 
  Total One Module ModulesP P N u  ሺ͵ሻ
The net plant power is therefore calculated from; 
 Net Gross TotalP P P   ሺͶሻ
Figure 1: 50MW steam turbine characteristics 
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2.2. Extrapolation of experimental data 
All MACC measurements were recorded on-site in Ireland, where the mean ambient temperature is not 
representative of typical CSP sites. Therefore, the data collected during testing had to be modified in a manner that 
ensured it was applicable to other ambient temperatures. This was achieved by extrapolating the original test data to 
a suitable range of ambient temperature values, which were considered to be representative of CSP sites. Measured 
data included values of temperature and pressure as fan speed was varied, for a range of steam flow rates. For any 
particular flow rate, the variation of MACC temperature and pressure were recorded simultaneously, for an ambient 
temperature specific to that particular day of testing. To modify this data, each temperature measurement data point 
was extrapolated according to a set (predetermined) ambient value as follows; 
  * *S thT T Q Rf  u  ሺͷሻ
Where Ts* is the extrapolated condenser temperature based on a set ambient temperature of T∞*. For a given steam 
flow rate, each temperature measurement data point was extrapolated in this manner. In equation (5), Q is the heat 
rejected from the condenser and is a function of the condenser temperature, whilst Rth is the absolute thermal 
resistance to heat flow calculated from the measurements and is given by; 
  Smeasuredth
measured fg
T TTR
Q m h
f'  u  ሺ͸ሻ
Where Ts is the measured temperature and T∞ is the ambient temperature recorded during testing. Qmeasured is the 
measured isothermal heat rejection. 
The product of Q and Rth in equation (5) accounts for the variation in condenser heat rejection which occurs as 
fan speed is varied, as illustrated in figure 1. From figure 1, it can be seen that the heat rejection decreases as 
pressure decreases (increasing fan speed) due to the fact that in an actual power plant, wet steam is known to be 
present at the condenser inlet at low pressures. This phenomenon was not encountered during MACC testing as the 
experimental setup meant that steam was always slightly superheated at the inlet. Therefore, the reduction in heat 
rejection at higher fan speeds, observed in actual power plants, is accounted for in the measurements by the product 
of Q and Rth in equation 5. 
The extrapolated condenser temperature values determined from equation (5) were converted to their 
corresponding pressure values, thus generating a variation of extrapolated condenser pressure with fan rotational 
speed, for a specified ambient temperature. Such condenser pressure values were again submitted to the MATLAB 
code to calculate the ST gross output and ultimately, net plant output was calculated. This process was repeated and 
each iteration was based on a different ambient temperature. Eventually, a plot of net plant output versus fan 
rotational speed for a range of representative CSP plant ambient temperatures was achieved.  
3. Experimentation 
This section introduces the MACC prototype module, on which a series of experiments were performed to 
characterise the steam-side properties, which are presented in the results section. A brief description of the 
experimental set-up is provided, followed by an overview of the test-procedure. For a more detailed description, the 
reader can refer to a previously published paper by the authors’ which provides a more thorough explanation of the 
test procedure and test facility [9]. 
3.1. Experimental test-facility 
Similar to conventional ACCs, the MACC, shown schematically in figure 2(a), consists of a heat exchanger core 
coupled with a bank of axial fans. The heat exchanger core is made up of 122 helically-finned tubes, arranged in a 
staggered 4 row configuration. For this prototype design, the tubes are 2m in length, with a condenser face area of 
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4m2. Steam enters these tubes via an inlet manifold and condensate exits through the outlet manifold, where it is 
collected in a condensate tank. A bank of 4 axial fans in the forced draft configuration blow air over the tube bundle 
in a single pass. The enthalpy of vaporisation is thus transferred to the air flow as the steam is condensed inside the 
tubes.  
To ensure that the measured MACC characteristics were indicative of an operational power-plant scenario, all 
measurements were carried-out under vacuum conditions. However, for any condenser operating under vacuum, 
there will always be a tendency for air leaks into the system. Air leaks lead to vacuum decay, where the condenser 
pressure will continually increase until it reaches atmospheric pressure. In addition, pockets of air can become 
trapped in certain tubes in a phenomenon known as “backflow”, which is an undesirable feature prominent in all 
multi-row condensers. To overcome these issues, a vacuum pump - dephlegmator arrangement was installed to 
continually remove the air, ensuring vacuum conditions are maintained. An illustration of this is given in figure 2(b). 
The MACC was instrumented with a number of pressure transducers and thermistors at the inlet manifold to 
measure the variation of temperature and pressure with fan rotational speed. A range of steam flow rates were 
chosen for testing, and these were based on the nominal flow rate exiting the steam turbine in figure 1. For example, 
the nominal steam flow rate leaving the turbine is approximately 40 kg/s. The optimum number of MACC modules 
needed to dissipate the energy in that flow was determined to be approx. 650. Thus, in an operational scenario, each 
module would be subjected to a flow rate of approx. 0.06 kg/s/module. Subsequently, for measurements, a flow rate 
of 0.06 kg/s was employed. A range of experimental flow rates was chosen in this manner, to ensure realistic and 
representative conditions. 
 
3.2. Experimental test-procedure 
The following sequence was carried-out when measuring temperature and pressure at a particular mass flow rate 
of steam. The exact same sequence was repeated for different steam flow rates. 
Steam flow was commenced and a quantity of steam entered the MACC with the fans switched off. The steam 
flowed through the condenser tube bundle and into the exit manifold. This removed any air present in the system, in 
a process known as “purging”. An IR camera was used to check and ensure the heat exchanger surface was 
isothermal. Once isothermal conditions were satisfactorily attained, the main steam inlet and outlet valves to the 
Figure 2: (a) MACC prototype test-rig; (b) dephlegmator & vacuum pump arrangement 
(a) (b) 
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MACC were closed, thus creating a closed system. The fans were switched on to 1000 RPM, thus condensing the 
steam. The dramatic reduction in volume as the steam collapses to form condensate results in the formation of a 
vacuum. To maintain the vacuum and continually remove any air or non-condensables present in the system, the 
vacuum pump and dephlegmator fan were switched on. Once steady-state vacuum was established, steam flow was 
re-commenced by opening the steam inlet valve. The inlet valve was set in a specific position, thus setting the steam 
flow rate into the MACC. With a steady flow of steam flowing through the condenser tubes, fan rotational speed was 
incrementally reduced from 1000 RPM in steps of 100 RPM and condenser temperature and pressure was measured 
at each fan speed setting. The process was repeated for various flow rates. 
4. Results and discussion 
This section presents the measured variation of MACC temperature and pressure, obtained during testing. 
Following the measurements are the results from the thermodynamic analysis. Concluding the section are the 
extrapolated results for a range of ambient temperatures. 
The variation in MACC temperature and pressure are presented in figure 3(a) and (b) respectively. The data 
presented here are normalised for any slight variations in ambient temperature which can occur over the duration of 
a test period. This eliminates any uncertainty arising from variations in ambient air temperature and allows for 
consistent comparison between measurements to be made. 
 
 
A unique feature of the MACC design is the ability to continuously vary the fan rotational speed to maintain an 
optimum temperature-pressure condition in the condenser, irrespective of ambient temperature. This ability is 
demonstrated by the measurements presented in figure 3, where, for any given steam flow rate, there is a decrease in 
MACC temperature and pressure as fan rotational speed increases. In particular, this variation of MACC pressure 
with fan rotational speed is illustrative of how the MACC will be capable of controlling the outlet of a steam turbine 
in a CSP plant, and hence capable of controlling the gross output from that turbine. For example, a reduction in 
MACC pressure will permit a lower back-pressure at the exit of a turbine, resulting in a larger enthalpy drop through 
the turbine, ultimately increasing gross output. To explicitly determine the effect of varying MACC pressure on an 
operational turbine, the output from a 50 MW turbine based on the measurements given in figure 3 is presented in 
the following figure 4. 
 
 
Figure 3: (a) Variation of MACC temperature with fan rotational speed; (b) Variation of MACC pressure with fan speed 
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Figure 4 presents a series of plots of ST power output versus fan rotational speed. These plots were generated 
from the data presented in figure 3(b) using the modelling procedure outlined in section 2.1. Figure 4 provides a 
clear demonstration of the variation in turbine output which can be achieved with a MACC installed in a CSP plant. 
This variation in ST output is a direct consequence of the variation in MACC pressure which was shown in figure 
3(b). The largest output from the turbine occurs at the lowest steam flow rate per module of 0.06 kg/s, which 
corresponds to the lowest MACC pressures obtained in the measurements.  The lower MACC pressures result in a 
lower turbine backpressure and thus, produce a larger turbine output. At higher flow rates per module, the output is 
not as large. However, the output at these flow rates is more sensitive to variations in fan rotational speed. This 
response is again a direct result of the MACC pressure measurements, where the variation with fan rotational speed 
is much greater at higher steam flow rates. Undoubtedly, the ability to continuously vary fan rotational speed is an 
advantage and benefit to the MACC concept but in some cases, the power consumed by these fans may be quite 
large, nullifying any increases in gross output. The fan power consumption is accounted for in the following figure 5, 
which presents the variation in net plant output with fan rotational speed. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Variation of steam turbine gross output with MACC fan rotational speed based on pressure measurements from figure 3 
Figure 5: Variation of net plant output with fan rotational speed derived from MACC pressure measurements 
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The variation in net plant output presented in figure 5 clearly illustrates the effect of fan power consumption, 
which is a significant expenditure at higher rotational speeds and it leads to a dramatic reduction in net output 
despite the fact that gross output is increasing as seen in figure 4. This results in a series of optimum operating 
points, as highlighted in figure 5. This optimum point is given by the peak of the curves in figure 5 and is the point 
at which maximum net plant output occurs. This optimum point is shown to vary depending on the number of 
modules. For example, the optimum operating point for 500 MACC modules is approx. 200 rpm. This optimum 
point increases to 400 rpm for 400 modules. It is clear that operating at fan rotational speeds beyond the optimum 
speed is inadvisable despite the fact that higher speeds result in lower condenser pressures, and hence, larger gross 
output. The fan consumption far outweighs any benefits at such speeds. 
To provide closure to the thermodynamic plant analysis, figure 6(a) presents a plot of net plant output, based on 
the MACC measurements extrapolated to a variety of ambient temperatures, representative of CSP plant locations. 
This plot presents results for 400 MACC modules (0.1 kg/s/module) with similar results obtained for the other flow 
rates, which for the purposes of clarity and cohesiveness are omitted from this paper. Figure 6(b) presents the 
variation of net plant output with ambient temperature, determined from the peak of the curves in figure 6(a). 
 
 
It is clear from figure 6(a) that the largest plant output is achieved at the lowest ambient temperature. The 
ambient air temperature is the thermodynamic limit of the heat sink and lower values of this permit lower 
temperature and hence, pressure to be attained in the condenser. This results in a greater turbine output giving rise to 
the results presented in figure 6(a). As the ambient temperature is increased, a corresponding increase in condenser 
temperature-pressure occurs, resulting in a reduction in turbine output and thus, less plant output. However, the 
advantage of the MACC design is the ability to respond to variations in ambient temperature by varying the fan 
rotational speed in an effort to achieve the optimum condenser condition, as indicated by the peak of the individual 
curves in figure 6(a). A plot illustrating this is presented in figure 6(b). 
The data points presented in figure 6(b) correspond to the peak of the curves given in figure 6(a) and it is assumed 
that the fan rotational speed is optimised at all times. Although there is an inevitable decrease in plant output as 
ambient temperature increases, this reduction is much less than it would be if the fan rotational speed was not 
optimised.  For example, at an ambient temperature of 10°C, the optimum fan speed is 355 rpm, giving an output of 
approx. 54.3 MW. An increase in ambient temperature to 40°C results in the optimum fan speed increasing to 585 
rpm, giving an output of approx. 49.78 MW. However, if the fan speed remained unchanged at 355 rpm, the 
resultant output at 40°C would be approx. 48.7 MW. Thus, there is a 1 MW loss in plant output as a result of an 
Figure 6: (a) Variation of net plant output with MACC fan rotational speed for 400 modules at different ambient 
temperatures; (b) Variation of net plant output with ambient temperature for optimised fan rotational speeds 
10 15 20 25 30 35 40
49.5
50
50.5
51
51.5
52
52.5
53
53.5
54
54.5
Ambient Temperature (°C)
N
et
 P
la
nt
 O
ut
pu
t (
M
W
)
Figure 6 (b)
100 200 300 400 500 600 700 800 900 1000 1100
45
46
47
48
49
50
51
52
53
54
55
Fan Rotational Speed (RPM)
N
et
 P
la
nt
 O
ut
pu
t (
M
W
)
10°C
20°C
30°C
40°C
Figure 6 (a)
 A. O’Donovan et al. /  Energy Procedia  49 ( 2014 )  1450 – 1459 1459
inability to alter fan speed according to a change in ambient. This highlights the benefit of the MACC concept and 
also, the importance of tight fan speed control in maximising plant output. 
5. Conclusions 
Experimental measurements were carried out under conditions representative of those in an operational power 
plant, to determine the qualitative and quantitative relationship between MACC pressure and fan rotational speed. It 
was shown that by increasing or reducing the fan speed, condenser conditions vary accordingly, with an increase in 
fan speed causing a decrease in MACC pressure and vice-versa. This relationship was then employed to firstly 
determine the effect on a typical steam turbine, and, ultimately, the effect on net plant output. It was shown that 
increasing fan speed leads to an increase in gross output from the turbine. This is a direct consequence of the 
experimental measurements where the lower MACC pressures achieved at the higher fan rotational speeds allow 
more work to be extracted from the turbine. However, results from the net plant output illustrate that the increase in 
gross output achieved at higher fan speeds is offset by the larger increase in fan power consumption and beyond a 
certain fan speed, the net plant output actually reduces. Therefore, an optimum operating condition exists which 
maximises the net plant output. As ambient temperature varies, this operating point can shift and the ability of the 
MACC to continually maintain this optimum is critical as deviations can lead to large losses in plant output. This is 
often the case with current ACCs due to the limited ability to vary fan speed in response to changes in ambient 
conditions. 
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